The purpose of this research was to determine whether the sulfur-oxidizing bacteria could be used to release kerogen and bitumen, the predecessors of shale oil, from oil shale. Oil shale is an energy source of tremendous potential importance, and the estimates of the abundance of this fossil energy source indicate that it is many times greater than all of the petroleum deposits of the United States.
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The component of oil shale of the greatest use as an energy source is kerogen which is complexed with dolomite (magnesium-calcium carbonate) and with quartz. The present use of oil shale deposits is hindered by the difficulty in separating the usable organic portion from the mineral matrix. This process involves retorting, which uses a large amount of energy and only incompletely liberates the trapped organic mat- ter.
If a large fraction of the mineral matrix could be destroyed readily, such as the rapid dissolution of the dolomite portion of the matrix or the splitting of the silica linkages through the action of sulfuric acid produced by Thiobacillus species, the recovery of the organic portion would then become feasible.
MATERIALS AND METHODS Medium. Thiobacillus cultures were grown on a medium containing: (NH4)2SO4 (0.2 g); KH2PO4 (3.0 g); MgSO4.7H20 (0.5 g); CaCl2 2H20 (0.25 g), and distilled water (1 liter Unless otherwise indicated, the leaching experiments were carried out for 14 days. At the end of the leaching period, the shale was quantitatively recovered and dried for 24 h under an infrared lamp.
Analytical methods. Sulfate determinations were made by adding 4 drops of 6 N HCl to a 10-ml volume of membrane-filtered sample followed by 0.5 ml of a saturated solution of barium chloride. The precipitate was quantitatively collected and dried to constant weight.
Ferrous ion was determined spectrophotometrically after reaction with 1,10-phenanthroline (4).
RESULTS
Stationary cultures. Cultures of T. thiooxidans and T. concretivorous were grown on inorganic salt medium with elemental sulfur as an energy source and atmospheric CO2 as a carbon source. Growth curves for both microorganisms in this medium are presented in Fig. 1 .
The acid production during development of the culture resulted in a decrease in pH in the weakly buffered medium. T. thiooxidans inoculated into inorganic sulfur medium at an initial pH of 3.5 resulted in a decrease in pH ( decrease in pH was followed by an increase (solid triangles) as a result of buffering by carbonates released from the shale.
Shale was hydrophobic as indicated by the tendency of the ground shale particles to clump together and resist wetting. Shale was wetted by the culture fluid after the culture developed turbidity. Wetting of the shale was indicated by dispersion of shale particles as well as the precipitation of the floating sulfur. Precipitation of sulfur is known to result from the production of a wetting agent, phosphatidyl inositol, by the growing Thiobacillus culture (6 (Fig. 4) corresponded to the loss of buffering by the shale (Fig. 3) . Evolution of visible gas ceased at about 5 days.
Ferrous ion derived from the pyrites appeared in the leaching column effluent (Fig. 5) The effect of the acidity of the leaching solution is shown in Table 4 . The organic acids at 0.1 N concentration were less effective in solubilizing the shale sample than 0.1 N H2SO4.
The total percentage of shale solubilized by sulfuric acid was not increased by increasing the acid concentration from 0.1 to 1.0 N in the volume used.
Addition of 0.01% ethylenediaminetetraacetate to 0.1 N sulfuric acid was not effective in increasing the weight loss of leached shale.
Thiobacillus species are known to produce a wetting agent, phosphatidyl inositol (6) . Shale was leached with 0.1 N sulfuric acid with 0.001% Triton X-100. There was no augmentation in weight loss as a result of adding a wetting agent to a 0.1 N H2SO4 leaching solution.
Shale samples were leached with T. thiooxidans culture for 1, 3, 12, and 14 days. The shale was recovered, dried, and weighed. The rate of weight loss is shown in Fig. 4 . Weight loss occurred at the maximum rate during the early contact period and asymptotically decreased in rate.
DISCUSSION
The results of these experiments indicate that dolomite present in shale can be solubilized by the action of sulfur-oxidizing bacteria in a way similar to that used to extract uranium (5) molybdenum, chromium, and copper from lowgrade ores (1) . Solubilization of uranium ore has been mediated by the Thiobacillus-Ferrobacillus group, which oxidizes pyrite to produce ferric ion and sulfuric acid (8) . In these experiments dolomite has been solubilized by the formation of sulfuric acid from added sulfur, leaving a complex of the silica and kerogen. This complex is so tightly bound that although it can be burned to a silica slag, only the bituminous portion can be extracted with solvents.
Partial solubilization of minerals and rocks has been attributed to salts of 2-ketogluconic acid (11) , inorganic acids (9, 11) , organic acids (9) , and phosphoglyceric acid (10) . The mechanism has been shown to be due, for the most part, to acid-soluble constituents and the chelating action of organic acids (11) .
The two sulfur-oxidizing organisms T. concretivorous and T. thiooxidans multiply quite rapidly for chemolithotrophs and almost equally well in still culture in mineral salt medium containing sulfur (Fig. 1) . We decided to use T. thiooxidans in most of the experiments because more literature is available on this organism. T. thiooxidans decreased the pH of the mineral salt medium from 3.5 to approximately 1.9 in the lightly buffered medium. However, in equivalent flasks in which 20 g of shale per liter was present, the pH decreased to approximately 2.2 and then increased again (Fig. 2) as the H2SO that was being formed continually reacted with the dolomite. The reason for the original decrease in pH possibly lies in the fact that the sulfuric acid produced by the organisms could not attack the hydrophobic shale until sufficient wetting agent (6) produced by the organism permitted contact.
In the bioleaching experiments in which 50 g of shale was continuously leached with 14 liters of a 6-week culture of T. thiooxidans at the rate of 1 liter per day (Fig. 3) , there was no change in pH for the first 5 days due to the buffering action of the readily available MgCa(CO3)2. After this time, the pH dropped, rapidly approaching the pH of the original culture. A similar curve is obtained by equivalent leaching with 0.1 N H2SO4. The loss in weight of shale in the perfusion column (Fig. 4) parallels what would be expected from the preceding pH curves of the effluent. Although 30% loss in weight occurs within 3 days, there is still sufficient MgCa(CO,)2 present to buffer the pH of the effluent, and it is not until the day 5 or 6 in the experiments that a -rapid decrease in pH occurred, although this represented a lesser proportional decrease in weight.
It was desired to obtain another indicator of speed of the dissolution of the shale, and one existed in the ability of acid formed to dissolve iron-containing minerals. The iron measured as ferrous iron was rapidly released from the shale (Fig. 5) . The maximum peak was obtained at 2 or 3 days before the time that the significant decrease in pH occurred.
The shale residue after extraction of dolomite through the action of Thiobacillus is much more porous. As a result, several possibilities of using the material exist. For example, it is possible to use fractional distillation much more economically than with the original shale because 40 to 45% of the original weight has been removed. In addition, the possibility exists that the kerogen may be extracted by breaking the complex linkages by means of microorganisms or a microbiological method of splitting the silica linkages may be attained.
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